We've reached the final chapter of our tale. I'm afraid I don't have a particular
Introduction
There has been substantial recent progress in the development of soluble, well-defined molecular catalysts for N2-to-NH3 conversion, commonly referred to as the nitrogen reduction reaction (N2RR).
1 Nevertheless, a significant and unmet challenge is to develop molecular catalysts, and conditions, compatible with electrocatalytic N2RR. Progress in this area could have both fundamental and practical benefits, including access to informative in situ mechanistic studies via electrochemical techniques, and an electrochemical means to translate solar or otherwise derived chemical currency (H
into NH3. The latter goal, which has been the subject of numerous studies using heterogeneous catalysts, is key to the long-term delivery of new ammonia synthesis technologies for fertilizer and/or fuel.
2
Many soluble coordination complexes are now known that electrocatalytically mediate the hydrogen evolution reaction (HER), 3 the carbon dioxide reduction reaction (CO2RR), 4 and the oxygen reduction reaction (O2RR). 5 The study of such systems has matured at a rapid pace in recent years, coinciding with expanded research efforts towards solar-derived fuel systems. In this context, it is noteworthy how little corresponding progress has been made towards the discovery of soluble molecular catalysts that mediate electrocatalytic N2RR. To our knowledge, only two prior systems address this topic directly. 6, 7, 8 More than three decades ago, Pickett and coworkers reported that a Chatt-type tungsten-hydrazido(2−) complex could be electrochemically reduced to release ammonia (and trace hydrazine), along with some amount of a reduced tungsten-dinitrogen product; the latter species serves as the source of the tungsten-hydrazido(2−) complex (via its protonation by acid). 6a By cycling through such a process, an electrochemical, but not an electrocatalytic, synthesis of ammonia was demonstrated. Indeed, efforts to demonstrate electrocatalysis with this and related systems instead led to substoichiometric NH3 yields. An obvious limitation to progress in electrochemical N2RR by molecular systems concerns the small number of synthetic N2RR catalysts that have been available for study;
it is only in the past five years that sufficiently robust catalyst systems have been identified to motivate such studies. In addition, the conditions that have to date been employed to mediate N2RR have typically included non-polar solvents, such as heptane, toluene, and diethyl ether (Et2O), that are not particularly well-suited to electrochemical studies owing to the lack of compatible electrolytes. mediating net H-atom transfers to generate N-H bonds during N2RR. 9 The presence of a metallocene mediator might, we therefore reasoned, enhance N2RR during electrocatalysis.
We present here a study of the effect of pKa on the selectivity of P3 B Fe + for N2RR vs HER. By using substituted anilinium acids, we are able to vary the acid pKa over 9 orders of magnitude and find that the selectivity is highly correlated with the pKa. To investigate the last possibility, we have studied the efficiency of the catalysis by quantifying the NH3 and H2 produced when using substituted anilinium acids with different pKa values ( as the strongest. Importantly, good total electron yields (85.8 ± 3.3) were obtained in all cases. As can be seen from the table, the NH3 efficiencies are found to be strongly correlated with pKa. 10 In particular, a comparison of the efficiency for NH3 with the pKa of the anilinium acid used gives rise to four distinct activity regimes ( protonation by the different anilinium triflate acids.
Computational Studies.
To investigate the kinetics and thermodynamics of Cp*2Co protonation by anilinium triflate acids we turned to a computational study. 
Calculations of the pKd of all of the relevant species ( Transition states for Cp*2Co protonation were located for all three acids. To confirm that these transition states accurately reflect proton transfer, internal reaction coordinates (IRC) were followed to determine the reactant (IRC-A) and product (IRC-B) minima ( Figure 5 .2). These minima represent hydrogen bonded arrangements of the reactants and K eq = 9 × 10 5 K eq = 0.6 K eq = 2 × 10 
We reason that the low solubility of the anilinium triflate acids, and the low catalyst concentration (2.3 mM P3 B Fe), leads to a scenario in which the interaction between the acid and the Cp*2Co, the latter being present in excess relative to the iron catalyst (measured solubility of Cp*2Co at −78 °C in Et2O is ~ 6 mM, see SI), significantly affects the overall kinetics of productive N-H bond formation. (Figure 5.3) , before it can bimolecularly release H2 (eq 3). We hence investigated this reaction in more detail. Both a synchronous PCET (ΔGPCET = −17.3 kcal mol −1 ; eq 9) and an asynchronous PCET path (ΔGPT = −5.7 kcal mol −1 , ΔGET = −11.6 kcal mol −1 ; eq 10 and 11), are predicted to be thermodynamically favorable. 
To evaluate the kinetics of these reactions the Marcus theory expressions 25 and the Hammes-Schiffer method 26 were used to approximate relative rates of bimolecular ET and PCET. We find that there is a slight kinetic preference for the fully synchronous PCET reaction (krel PCET ~ 3 × 10 3 M −1 s −1 ) compared to the fully asynchronous PT-ET reaction Figure 5 .3). 27 The above discussion leads to the conclusion that the efficiency for NH3 formation in this system is coupled to the kinetics and/or thermodynamics of the reaction between the anilinium triflate acid and the Cp*2Co reductant. This conclusion is counterintuitive, as the protonation of Cp*2Co is also the requisite first step for background HER. 28 The fact that a key HER intermediate can be intercepted and used for productive N2RR steps is an important design principle for such catalysis. Similar design strategies are currently being used to repurpose molecular cobalt HER catalysts for the reduction of unsaturated substrates. 29 Efforts are often undertaken to suppress background reactivity between acid and reductant in catalytic N2RR systems. 1a-b We were hence particularly interested to explore whether the inclusion of a metallocene co-catalyst, in this case Cp*2Co, might improve the yield, and/or the Faradaic efficiency (FE), for N2RR versus HER, in controlled potential electrolysis (CPE) experiments with P3 B Fe + under N2.
Electrolysis Studies.
To set the context for this section of the present study, we had shown previously that ~ 2.2 equiv NH3 (per Fe) could be generated via controlled potential electrolysis (CPE; This yield of NH3 corresponded to a ~ 25% FE which, while modest in terms of overall chemoselectivity, compares very favorably to FE's most typically reported for heterogeneous electrocatalysts for N2RR that operate below 100 °C (< 2%).
2,30
To further explore the possibility of using P3 B Fe + as an electrocatalyst for N2RR, various conditions were surveyed to determine whether enhanced yields of NH3 could be obtained from CPE experiments. For example, various applied potentials were studied (ranging from −2.1 to −3.0 V vs Fc +/0 ), the concentrations of P3 B Fe + and HBAr F 4 were varied, the ratio of acid to catalyst was varied, and the rate at which acid was delivered to the system was varied (e.g., initial full loadings, batch-wise additions, reloadings, or continuous slow additions). None of these studies led to substantial improvement in N2RR;
in all cases, < 2. (both panels, red trace). again, the total yield of NH3 (2.6 ± 0.6 equiv NH3 per Fe, entry 2) did not improve.
We found that inclusion of 1.0 equiv of Cp*2Co + enhanced the NH3 yield, by a factor of ~ 1.5 ( °C vs −78 °C). 9 These results suggest that an electrochemical approach to NH3 formation can improve performance, based on selectivity for N2RR, of a molecular catalyst under comparable conditions.
Conclusion
Herein we described the first systematic pKa studies on a synthetic nitrogen fixation catalyst and find a strong correlation between pKa and N2RR vs HER efficiency. Chemical studies reveal that, on their own, the anilinium triflate acids employed in the catalysis are 
